FCP-COMPLEX is a newly developed solution containing fluoride, calcium, and phosphoric acid that has the potential to reinforce caries-affected dentin. This study evaluated the effect of FCP-COMPLEX on micro-tensile bond strength (µTBS) and acid-challenge at the dentin-adhesive interface. FCP-COMPLEX, 2% NaF, and distilled water were applied to artificial caries-affected dentin (ACAD) and the effect on acid-induced damage after resin composite restoration was observed. Scanning electron microscopy and X-ray absorption fine structure (XAFS) were used to evaluate tooth morphology. The µTBS test revealed no effect of FCP-COMPLEX either immediately or after 3 months' storage. The area of acid damage in caries-affected dentin was reduced by FCP-COMPLEX. XAFS analysis revealed that absorbed fluorine on the surface would form CaF2. In conclusion, FCP-COMPLEX significantly reduced the damage of acidic attack at the ACAD-adhesive interface, while the µTBS value was maintained after storage.
INTRODUCTION
The improvement of adhesive dentistry, including restorative techniques, has led to increased adherence to the minimal intervention concept. In recent years, with the improvement in adhesion technology, resin composite restoration has become the first choice in caries treatment. Clinically, the main bonding substrates for direct resin composite restorations are not normal dentin, but caries-affected dentin (CAD), after removal of the caries-infected dentin. However, it has been reported that the mechanical properties of CAD, such as tensile bond strength and hardness 1) , are inferior to those of sound dentin 2) . Since the bond strength of normal dentin decreases in the long term 3) , it has been thought that the durability of CAD bond strength is also decreased. Therefore, enhancement of the physical and chemical properties of CAD, including its mineral density, which is decreased compared to that of sound dentin, might be key to resolving these issues.
Joves et al. created a model for assessing bonding to CAD, and compared its mineral profile, morphology, bonding properties, and nanohardness to those of natural caries 4, 5) . The artificial caries-affected dentin (ACAD) had a similar mineral content and bond strength, yet lower variability, as compared to the natural cariesaffected substrate. However, the morphology of ACAD differed from that of the natural caries-affected dentin (NCAD) in that there was a lack of mineral casts in the dentinal tubules of ACAD. NCAD and ACAD tissues were superficially comparable in terms of intertubular nanohardness 5) . NCAD develops over a longer period of time than ACAD, in which the lesion was created over a short period of time under controlled conditions.
Chow et al. and Takagi et al. have reported that a twocomponent rinse (A: sodium fluoride (NaF), phosphate, solution B: calcium chloride, citric acid) yielded higher fluoride deposition at a lower fluoride dose compared with a NaF rinse only [6] [7] [8] . However, limited fluoride is provided to the oral environment by a NaF rinse, while the twocomponent rinse recovered mineral loss (ΔZ) and lesion depth, as assessed by transverse microradiography; in contrast, the NaF rinse only recovered the ΔZ. These findings raised the question of whether fluoride (F), calcium (C), and phosphoric acid (P) could be combined in a single solution. Calcium fluoride (CaF 2) is relatively poorly soluble. Accordingly, a solution cannot contain more than mmol/L levels of both Ca and F without resulting in precipitation of CaF 2. However, it was discovered that many Ca-, F-, and P-containing solutions that are highly supersaturated with CaF 2 can remain stable without precipitation for indefinite periods. Chow et al. found a specific ratio (6:10:1) of F, C, and P that could co-exist in solution without precipitating, and this solution was developed and named FCP-COMPLEX (US Patent 8956596, Feb 15, 2015) . The original concentration of the FCP-COMPLEX solution is based on the concentration of NaF (1.2 mol/L). The above ions Human teeth were reduced occlusally, apically, and proximally, and was covered by nail varnish to obtain a 4×4 mm area of dentin surface. The specimens were immersed in demineralizing solution for 7 days and were washed with deionized water. The demineralized surface was ground in a polishing device to create a standardized dentin surface with a smear layer.
exist in various combinations in the FCP-COMPLEX solution. As one of its major characteristics, increasing the pH changes the proportion of the components, thus triggering immediate precipitation of CaF 2 or other fluoride-calcium molecules. Mashiko et al. reported application of FCP-COMPLEX to bovine ACAD, with the aim of improving adhesive interface 9) . The surface of ACAD to which the FCP-COMPLEX solution was applied was observed under a scanning electron microscope (SEM), and acidresistance was tested, and energy-dispersive X-ray spectrometry was performed. Small deposits were observed inside and around the dentinal tubules after application of FCP-COMPLEX to an ACAD surface because precipitation was generated on the surface as a result of chemical reactions. In addition, the element mapping analysis of the ACAD surface revealed that FCP-COMPLEX treatment of an ACAD surface affected the density of fluoride, and it was 14 times higher than that achieved with NaF application. Additionally, the acid-base-resistant zone (ABRZ) was assessed to investigate the acid-resistance at the adhesion interface, and it was confirmed that FCP-COMPLEX treatment inhibited demineralization at the interface, i.e., FCP-COMPLEX significantly increased deposition of fluoride on ACAD and inhibited demineralization.
However, the effect of FCP-COMPLEX application to ACAD of human teeth and mechanical strength for adhesion over an extended period of time has not yet been reported. Therefore, the purpose of this study was to evaluate the influence of FCP-COMPLEX on micro-tensile bond strength (µTBS) and suppression of demineralization in the short and long term in human ACAD.
MATERIALS AND METHODS
The solutions used in this study were FCP-COMPLEX, 2% NaF solution, and distilled water. The methods for creating FCP-COMPLEX were followed and modified from those reported by Mashiko et al. FCP-COMPLEX was obtained by mixing NaF, calcium chloride, and phosphoric acid in a molar ratio of 6:10:1, and it was diluted to a concentration of fluoride (9,000 ppmF) with distilled water. A 2% NaF solution (NaF, 9,000 ppmF, Wako, Tokyo, Japan) was prepared, in which the concentration of fluoride was the same as that in the FCP-COMPLEX. The pH values of the FCP-COMPLEX, NaF, and distilled water were 0.85, 7.2, and 6.5, respectively.
An ACAD model was created on the basis of the method of Joves et al., as illustrated in Fig. 1 . This study was approved by the human research ethics committee of Tokyo Medical and Dental University (no. 725). Human caries-free premolars were collected after written informed consent was obtained, and were stored frozen. They were horizontally cut at the midportion of the crown and the middle-third of the root, using a slow-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) to remove cusps and the root and to expose the coronal dentin surface. The specimens were proximally reduced using the saw to obtain a 4×4 mm area of dentin surface. Afterwards, an acid-resistant nail varnish (Revlon, New York, NY, USA) was applied to the proximal and bottom surfaces of each specimen, leaving only the dentin surface exposed.
The specimens were immersed for 7 days at 37 o C in artificial demineralizing solution (pH 4.5, 1.5 mM CaCl2, 0.9 mM KH2PO4, 50 mM acetic acid, and 0.02% NaN3). After creating a smear layer by means of 600 grit SiC paper, ACAD with a depth of approximately 150 µm was obtained. The formation of the ACAD was confirmed by using optical coherence tomography (HSL-2000, Santec, Komaki, Japan).
Three microliters of each solution was applied to the ACAD model surfaces for 20 s, then washed with distilled water for 10 s, and air dried.
μTBS test
Specimen preparation is illustrated in Fig. 2 . A twostep self-etching adhesive system; Clearfil SE Bond (SE, Kuraray Noritake Dental, Tokyo, Japan), was used and applied according to the manufacturer's instructions. Each tooth was built up with two types of resin composites (Estelite Flow Quick, Shade A2, Tokuyama Dental, Tsukuba, Japan/Clearfil AP-X, shade A2, Kuraray Noritake Dental) using an incremental technique, to a height of approximately 4 mm, and lightcured with a light-curing unit (XL 3000, 3M, St. Paul, MN, USA). After building up with a resin composite, the bonded samples were stored in distilled water at 37ºC for 24 h, or in artificial saliva (pH 6.3, 0.2 M CaCl 2, 0.2 M NaH2PO4, 1.0 M NaCl, 1.0 M acetic acid, 2.0% NaN3) for 3 months. After storing, they were cut with a low-speed diamond saw (Isomet) under cooling water to obtain rectangular beams with cross-sectional dimensions of approximately 0.5×0.5 mm 2 . These specimens were then fixed to a handy-type universal testing machine (EZTest, Shimadzu, Kyoto, Japan) with a cyanoacrylate adhesive (Zapit, Dental Ventures of American, Anaheim Hills, CA, USA) and subjected to µTBS testing at a crosshead speed of 1 mm/min. After debonding, failure modes were inspected via SEM (JSM-5310LV, JEOL, Tokyo, Japan) and classified into four categories; Type A: cohesive failure in resin, Type B: interfacial failure between adhesive and dentin, Type C: mixed failure, Type D: cohesive failure in dentin 10) . The mean bond strengths were analyzed using twoway analysis of variance (ANOVA) (p=0.05) with two factors, "period" and "material".
SEM observation of the treated ACAD surface
Six treated ACAD surfaces were observed using SEM. The specimens were divided into three groups, and two samples each were treated with one of three solutions: FCP-COMPLEX, NaF, or distilled water for 20 s, washed with distilled water for 10 s, and dried. The applied specimens were dehydrated in ascending grades of ethanol up to 100% and then dried, fixed by immersion in hexamethyldisilazane for 5 min, and dried again for 24 h at room temperature. After coating with gold, the specimens were examined using SEM.
Assessment of dentin-adhesive interface
Specimen preparation for the observation of dentinadhesive interface was performed and modified as described in a previous study 9) , which is illustrated in Fig. 3 . Nine human ACAD blocks were used to evaluate the dentin-adhesive interface. After applying one of three solutions, a two-step self-etch adhesive (SE) was applied according to the manufacturer's instructions, followed by a resin composite (Estelite Flow Quick, shade A3), which was applied to the cured adhesive surface and light cured with a light-curing unit. The specimens were stored in water for 24 h at 37°C. Thereafter, sectioned specimens were embedded in epoxy resin (Epoxicure2, Buehler). The specimens were subjected to the acid-base challenge using a demineralizing solution (pH 4.5, 2.2 mM CaCl 2, 2.2 mM Na2HPO4, 50 mM acetic acid) for 90 min, and 6% NaOCl for 20 min 11) . After the acid-base challenge, a self-curing resin (Super Bond C&B, Sun Medical, Moriyama, Japan) was put on the demineralized surface There were no significant differences among all groups (p>0.05, two-way ANOVA with post hoc test.). All numbers are mean values±standard deviations (number of specimens). DW: distilled water, NaF: 2% sodium fluoride solution, FCP: FCP-COMPLEX for protecting the observing surface. The specimens were sectioned into the slabs, which were polished using diamond pastes until 0.25 µm. After argon ion etching (EIS-IE, Elionix, Tokyo, Japan), SEM observation was performed.
X-ray absorption fine structure (XAFS) analysis
To analyze the components of the precipitates when FCP was applied to the CAD surface. The FCP-COMPLEX was applied to the ACAD surface. The F K-edge XANES spectra were measured on BL11 beamline at the SR Center, Research Organization of Science & Engineering (Kusatsu, Japan). Synchrotron radiation from the electron storage ring (at 575 MeV with 300 mA) was monochromatized with a varied-line-spacing grating (600 lines/mm). Incident X-rays were focused into a 2-mm diameter beam at an XAFS chamber by two cylindrical mirrors. The I0 signal was monitored using a photocurrent of a gold mesh (100 mesh). The F K-edge was scanned for the spectral range between 678 to 722 eV using the partial electron yield method and a micro-channel plate (MCP: Photonis USA, Sturbridge, MA, USA). The signals at each point were integrated for 2-5 s. The XAFS spectra of CaF 2 and fluoroapatite (FAp) were measured as references.
RESULTS

μTBS test
The µTBS values are shown in Table 1 . Two-way ANOVA revealed no significant differences among groups, indicating that the µTBS values were not influenced by either treatment or storage period (p>0.05). The results of the fracture modes after debonding are summarized in Fig. 4 . For the 1-day groups, mainly adhesive failure (B) and mixed failures (C) were mainly observed. Adhesive failure was observed among half of the specimens in the distilled water group, while adhesive failure was observed in less than 20% of the specimens in the NaF and FCP-COMPLEX group. For the 3-month group, half of the failures in all the group were adhesive failures (B).
SEM observation
The SEM images of the ACAD surface after application of each of the solutions (FCP-COMPLEX, NaF, or distilled water) are shown in Fig. 5 . In the distilled water and NaF group, the dentinal tubules were clear and open. In addition, few precipitates were observed in the intertubular dentin after the chemical reaction in the NaF group. In the FCP-COMPLEX group, precipitation after chemical reaction were mainly observed on the surface. The SEM images of the demineralized ACADadhesive interface after the acid-base challenge are shown in Figs. 6 and 7 . In all groups, the outer lesion, which was the demineralized dentin surface after the acid-base challenge, was observed to a depth of approximately 15 µm. For the 1-day storage groups, in the DW group, the demineralized dentin beneath the hybrid layer under the OL was observed to a depth of about 200 µm. In the NaF group, this area was around 250 µm in depth. On the other hand, in the FCP-COMPLEX group, the depth of the demineralized layer was almost 100 µm and the influence of demineralization due to acidbase attack was decreased as compared with the other groups. In the 3-months DW group, the demineralized dentin beneath the hybrid layer was observed to be about 250 µm in depth, similar to that of the 1-day DW group. On the other hand, in the 3-months NaF and FCP-COMPLEX groups, there was acid-base challenge had little effect on demineralization, as compared to the 3-month DW group. The ABRZs were clearly observed in all groups (Fig. 7) . For the 1-day groups, the thicknesses of the ABRZs in the distilled water, NaF, and FCP-COMPLEX groups were around 10, 30, and 30 µm, respectively. In contrast, for the 3-month groups, the thickness in the FCP-COMPLEX group seemed to have decreased to around 10 µm.
XAFS analysis
Results of XAFS element analysis of the treated ACAD surface are shown in Fig. 8 . Both FAp and CaF 2 showed two clear peaks at around 688 and 692 eV, while the peak height balance differed. In addition, the edge energy, which is the steep increase in energy on the spectra, differed slightly, while FAp demonstrated slightly lower edge energy than CaF 2. The edge energy and the peak balance of the specimen treated with the FCP-COMPLEX were similar to those obtained with CaF 2 than FAp. Therefore, the absorbed fluorine on the surface of those specimens would form CaF2.
DISCUSSION
Recently, fluoride has been incorporated into adhesive systems to prevent the development of secondary caries around restorations 12, 13) . The presence of fluoride in an adhesive contributes significantly to preventing secondary caries, and does not interfere with dentinadhesive bond strength 14) . On the other hand, the presence of an ABRZ beneath the hybrid layer in selfetching adhesive systems after acid-base challenge was found with SEM and TEM observation 15, 16) , and the ABRZ of CAD was thicker than that of normal dentin, because the intertubular dentin of CAD was more permeable to primer than was that of normal dentin 17) .
Additionally, the ABRZs created with fluoride-containing adhesive systems were thicker than those created with adhesives without fluoride 18) . The concentration of NaF in the adhesive resin thus influenced the amount of dentin structure remaining after acid-challenge 19) . It is believed that, if there is a significant uptake of fluoride in dentin, the inhibitory effect on demineralization is greatly enhanced. In this study, FCP-COMPLEX was used to supply not only fluoride, but also calcium and phosphorus to ACAD. The demineralization after acidic challenge at the interface was decreased as compared with other groups. This experimental solution may facilitate prevention of secondary caries formation around restorations. However, in terms of ABRZ formation, the effect of the FCP-COMPLEX was not marked as compared to that of NaF. Furthermore, a decrease in the thickness was observed in the FCP-COMPLEX group after 3 months' storage. These results may be due to the difficulties of determining the thickness of ABRZs, as fluoride release from the materials affect the shape 17) . A previous study investigated the durability of a fluoride-free and a fluoride-containing self-etching primer adhesive system in terms of µTBSs to human dentin in vitro. Decreases in bond strength over a 6-month storage period were water-dependent, but could be prevented by using fluoride-containing resins 20) . Fluoride application to normal dentin before initiating bonding procedures with self-etching adhesive primer systems reduced the bond strength 21) . However, in this study, there was no significant difference in µTBS among the three groups after 1 day and 3 months of storage when the solution was applied to the surface of demineralized dentin. These results suggested that application of fluoride and other ions is not an obstructive factor for penetration of the resin monomer into the dentin and does not affect the short-term durability of adhesion.
In terms of failure mode, except for the control group, the rate of interface failure increased between the 1-day and 3-months storage groups. Observation of the interface by SEM indicated that the interfacial fracture rate increased due to strengthening of the bonding interface during long-term storage.
In both the 1-day and 3-month groups, the FCP-COMPLEX application to ACAD did not affect the µTBS. In the 1-day groups, demineralization was inhibited in the FCP-COMPLEX group as compared to the DW and NaF groups. These results suggested that penetration of the FCP-COMPLEX into the ACAD surface more effectively prevented acidic attack around a restoration, but had not matured sufficiently to increase the bond strength. However, since there was a trend in FCP-COMPLEX group for the bond strength to increase after 3 months of storage, it may be possible to achieve higher bond strength after long-term storage. As the previous study showed, thickening of the ABRZ was also observed with bonding agents containing NaF. However, in this experiment, the demineralization inhibition effect most likely could not be obtained over the short term, as no marked deposition of fluoride had occurred from the NaF application on the ACAD surface. Over the 3 months' storage period, the demineralization depth was decreased in all groups as compared to 1-day storage. This suggested that the acid resistance of the adhesion interface with the demineralization-affected area was improved by longer-term storage in artificial saliva, which contains several ions.
Both NaF and FCP-COMPLEX treatments resulted in inhibition of demineralization over a period of 3 months, but NaF did not demonstrate this effect over a period of 1 day. In this study, the amount of applied solution is only one-tenth of that used in a previous study 9) . Considering that the effect of demineralization suppression was observed immediately in this previous study for both NaF and FCP-COMPLEX 9) , it is possible that FCP-COMPLEX may have some effects even at a lower dose.
FCP-COMPLEX may improve penetration of the subsequently applied monomer components due to its low pH. The Clearfil SE Bond primer contains water with several organic components, such as monomers and chemical initiators. A hydrophilic monomer, 2-hydroxylethyl methacrylate (HEMA) is also contained in the primer, which is a key material to mix the components together in one bottle. It has also been reported that HEMA promotes diffusion of monomers by expanding the demineralized collagen network, improving resin bond strength to dentin 22, 23) . After light curing, poly-HEMA-rich layer may create at the monomer penetrated front of the demineralization. However, this layer may be easily deformed and shrinked after drying for SEM observation due to the water rich characteristic. On the other hand, the hybrid layer and resin-tags thickened and lengthened with HEMA application 24) . According to XAFS analysis, a large amount of CaF2 was present on the ACAD surface after application of FCP-COMPLEX. Furthermore, FAp may be observed at greater depth, when the influence of FCP-COMPLEX reaches the deeper regions of the tooth (15 µm) 9) . However, in terms of acid resistance in this study, mineral and collagen had been removed, since the adhesive interface was treated with artificial demineralizing solution and sodium hypochlorite. Therefore, after acid challenge, an acid-resistant resin monomer component and chemical reacted components remain. This also suggests that, if FCP-COMPLEX treatment is performed prior to adhesion, the penetration of resin components, including HEMA, may be promoted.
In terms of bond strength, the mechanical properties did not change over a 3-months storage period after FCP-COMPLEX treatment; however, chemical interaction was affected, and contributed to longer term adhesion stability.
In this study, it was not clear to what depth the FCP-COMPLEX actually penetrated; it will be necessary to clarify the depth of penetration in a future study. In addition, there was no improvement in the mechanical properties, as assessed by µTBS, by the end of 3 months, and therefore long-term durability testing is necessary.
CONCLUSION
Within the limitations of this study, the new solution, FCP-COMPLEX, significantly increased the deposition of fluoride on ACAD, while demineralization was inhibited, resulting in a strengthened tooth structure. These effects contribute to strengthening of ACAD.
